Various models of the complex formation between polyelectrolyte chains and oppositely charged macroions are reviewed. In recent years, a great deal of knowledge of the multitude of possible polyelectrolyte conformations at the macroion surface has been accumulated, which consequently has led to increasing interest in using such complexes in the design of nanomaterials. This review focuses on key studies relating to the effects of various physico-chemical parameters on complex formation and areas for future research are identified.
Introduction
Bulk interactions between large polyelectrolyte chains (PEs) and oppositely charged macroions such as inorganic particles, micelles, globular proteins, macroions, are of great importance for many industrial processes such as water treatment as flocculant/water insoluble mixtures, powder processing as dispersion agents, or food technology as rheology modifiers. Many biomacromolecules, such as DNA, are also polyelectrolytes and the formation of complexes with proteins or membranes, for example, are expected to play critical roles in biological regulation processes with applications in therapeutic delivery systems. In addition the formation of complexes between PEs and macroions to the formation of building blocks is expected to find important applications in nanoscience. Owing to the practical and economical aspects for the rational use of PE/macroion mixtures, as well as the theoretical interest of such systems in soft condensed matter science, nanochemistry, biology and medicine, a better understanding of the key factors controlling the complexation between macroions and oppositely charged macromolecules is therefore important.
It should be noted here that for PE complexation we have to make distinction between strong and weak polyelectrolytes since adsorption of weak polyelectrolytes on surfaces is a more complicated process owing to the fact that the linear surface charge density of the PE is strongly influenced by the charge connectivity along the chain, the pH of the solution, the solution ionic concentration and presence of an oppositely charged surface which is expected to influence the PE degree of dissociation.
This review focuses on research relating to the formation and structure of PEs and oppositely charged macroions complexes, based on the principle of electrostatic complexation, at the experimental, theoretical and computational level. In particular we focus on computer simulations since they allow treatments of polyelectrolyte adsorption on flat or curved macroion surfaces over a large range of parameters and in some situations fill the gap between existing theories and experiments.
Experimental investigations
A series of studies from Dubin illustrated the transition-like behaviour of the binding of polyelectrolytes to oppositely charged spherical macroions such as micelles, dendrimers and globular proteins [1] [2] [3] [4] [5] . The binding affinity of PEs was found to be strongly influenced by chain flexibility, charge mobility, and charge density on the macroion [6]. In particular it was shown that the critical surface charge density on the macroion required to bind the PE becomes greater at higher salt concentrations. Similarly, stiffer polymer chains were found harder to bind than the more flexible ones. More subtle effects seen for protein binding [7] were attributed to charge heterogeneity, which introduces repulsive forces between polyanions and protein negative domains and also alters the nature of the polyanion-binding site. Complexes involving polyelectrolyte-neutral block copolymers and oppositely charged micelles were recently investigated by Berret [8] [9] [10] [11] [12] . The structure of such complexes was elucidated by small-angle neutron scattering and it was found that these complexes exhibit a core-shell microstructure, where the core is a dense coacervate microphase of micelles surrounded by neutral blocks. With these results, they showed that the formation of the colloidal complex was in agreement with overcharging predictions i.e. the amount of PE needed to build the core-shell colloids always exceed the number that would be necessary to compensate the charge of the micelles. Controlled clustering of superparamagnetic macroions using such block copolymers was successfully explored for the design of new contrast agent for magnetic resonance imaging. Ilekti and coworkers [13] presented experimental results on the effects of PEs on surfactant aggregates by means of small-angle X-ray scattering. The authors considered a mixture of sodium polyacrylate and dilute micellar solutions of cetyltrimethylammonium bromide. When PEs were added to the dilute micellar solution, the micelles were stick together by polyion bridges in a concentrated phase.
Theoretical modeling
Boroudjerdi and Netz [14] reviewed the problem of complex formation by explicitly presenting the adsorption behavior of polyelectrolytes on macroions of different geometries. The relevance of salt, which modulates the electrostatic interactions between PEs and macroions was discussed by considering parameters appropriate for DNA-histone complexes which are the basic building blocks of the nucleosomal genetic structure. Both experiments and analytical theory demonstrated that the complex was only stable for intermediate salt concentration. For low salt concentration, difficulties to charge the polyelectrolyte due to strong charged monomers repulsions were found, that is detrimental to the full polyelectrolyte complexation at the surface of the macroion. For high salt screening, despite the fact that chain ionization is usually promoted, attraction forces between polyelectrolyte and macroion are strongly reduced and thus, is now detrimental to the formation of compact complexes. Analytical models also demonstrate that a multitude of structures ranging from tight complexes with the chain more or less regularly wrapped around the macroion, to open multileafed rosette like complexes can be achieved. Netz and Joanny [15] provided a full complexation phase diagram for a stiff PE in presence of an oppositely charged sphere, whereas Schiessel [16] provided scaling theories for the charged rosettes formation for the limits of high and low ionic concentrations, presented a full phase diagram as a function of the PE contour length and investigated the influence of the PE persistence length. Rosette structures were found quite robust against changes in the ionic strength.
Hence, an important feature in complex formation is the chain stiffness of PE which includes both chain stiffening due to electrostatic monomer/monomer repulsions and flexibility of the underlying chain backbone which is controlled by the local PE chemical structure. Manning [17] (as well as Dubin from an experimental point of view) clearly demonstrated that stiffer PEs are harder to bind than more flexible ones. For a given PE, the curvature of the macroion imposes stability limits on the bound state since it is harder to bind to a smaller macroion than to a larger one. An interesting situation dealing with the complexation of a long flexible PE was investigated by Nguyen and Shklovskii [18] . They demonstrated that PE binds the small macroions winding around them, while they repel each other and form almost periodic necklace. The effect of charge inversion on the complex structure was investigated in details as well as the influence of screening by monovalent salt. It was found that near the isoelectric point where total charges of macroions and PE are equal, necklaces condense into macroscopic bundles.
If electrostatic repulsions between charges on neighbouring monomers tend to decrease the effective charge of the PE, the situation is more complicated close to an interface with a subtract of low and high dielectric constant, since here the charge on each monomer is interacting with its neighbours but also with its own image charges and the image charges of all neighbours. Netz [19] investigated this phenomenon and found that at low-dielectricconstant substrates, one find a further charge decrease and repulsion from the interface, while at high-dielectric-constant substrates, the effective charge increases and the PE is attracted to the interface. He also investigated the interaction between two complexes, which gives rise to configurational changes of two complexes as they approach each other [20] . Recently, analytical solutions for quantities such as the critical adsorption radius and critical surface charge density were provided by Winkler and Cherstvy [21] in good agreement with computer simulations.
Simulations
There is nowadays a considerable amount of available contributions investigating the PE/macroion complexation by [24] [25] [26] [33] [34] [35] [36] . The effect of chain stiffness of a strong PE were first studied by Wallin and Linse [22] and then further investigated by Stoll and Chodanowski [26] and Akinchina and Linse [27] . Wallin and Linse [22] showed that PE adsorption decreases with the stiffness of the chain. Stoll and Chodanowski [26] showed that by increasing the chain stiffness, solenoid conformations could be obtained. They also investigated the effect of added salt on the formation of complexes between a flexible, semiflexible, and rigid PE and an oppositely charged spherical macroion and the adsorption/desorption transition. According to these studies [22, 26, 27, 36] , a range of macromolecular structures such as tennis ball, solenoid, and multiloop or rosette were obtained (see Table 1 ). Using numerical simulations, Kunze and Netz [42, 43] also investigated the case of complexation of a semi flexible PE and an oppositely charged sphere. To answer the question of the agreement between simulations and experimental predictions, their parameters were adjusted to mimic the DNA/histone complex, and their results were in line with the expected trends. The effects of chain length were systematically investigated by Wallin and Linse [23] . For a high ratio of chain length upon macroion diameter, Stoll and coworkers [24, 25, 34, 36] found that only a few number of monomers is adsorbed to the macroion, forming an extended tails in solution (Fig. 1) . Carlsson [44] and de Vries [45] considered the effect of the discrete nature of the protein charge distribution on lysozyme/PE complexation. Simulations were performed with different protein charge distribution corresponding to solutions at different pH. It was concluded that a protein model with a discrete charge distribution gave rise to more amount of adsorbed monomers because of the spatial charge-charge correlations.
It should be noted here that most of the computer simulations of PE complexation considered strong polyelectrolytes, although titrating or weak polyelectrolytes, which are an important class of PEs, were mainly studied by computer simulations for the isolated case [46] [47] [48] . The complex formation between macroions and a weak anionic PE was recently systematically investigated [34] [35] [36] pointing out the importance of several competing effects on the PE-macroion complex structure and the influence of the macroion(s) on the PE titration curve as shown in Fig. 2 . The adsorption/desorption limit and number of monomer in contact with the macroion surface was found to depend on ionic concentration, macroion surface charge density and solution pH as presented in Fig. 1 . Then it was demonstrated that i) attractive interactions between the charged PE monomers and the macroion can profoundly affect the acid/base properties of a PE by promoting chain ionization (Fig. 2) , ii) the ionic concentration decreases the attractive interaction between the PE and macroion but promotes PE ionization degree, and iii) chain stiffness promotes PE expansion and ionization but penalizes PE adsorption at the macroion surface. Once again it was found that the best conditions for the formation of strong complexes were achieved in the intermediate ionic concentration regime. Simulations also demonstrated that due to charge mobility, charges accumulate at the macroion surface suggesting that annealed PEs are expected to bind more strongly than quenched PEs of equivalent charge density in good agreement with experimental findings [6] . The influence of image forces on PE adsorption onto an oppositely charged surface was investigated by Messina and it was demonstrated that a dielectric discontinuity reduces the degree of PE adsorption and reduces charge inversion of the substrate [39] . They also largely contributed to the study of PE multilayering by means of numerical simulations [37, 38] which constitutes an important area for the development of nanocapsule technology based on layer-by-layer self-assembly.
Conclusions
A vast amount of scientific information on the formation of PE/ macroion complexes has now become available during the last years. Most of the possible structures have been theoretically and numerically identified and characterized, and significant advances have being made in understanding the role of the electrostatic attractive and repulsive interactions between PEs and macroions. Probably a more refined description of the macroions is still needed to account for surface charge heterogeneities, charge regulation processes, and different macroion geometries. Experimental, theoretical and simulation studies should now move to the investigation of the aggregate formation between such complexes or their interactions with biological membranes. The formation of core-shell polymer capsules by alternate adsorption of oppositely charged polyelectrolyte layers is also expected to represent an area for future research. Since the main driving force for all these processes is of electrostatic origin more refine interaction potentials could be used so as to take into account hydrophobic interactions as well as the role of hydrogen bonding which is expected to play a key role if one is interested in vivo phenomena.
